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I.  INTRODUCTION. 
To show that the variation in reaction among the individuals of a 
group of apparently similar organisms fits a  probability curve is, of 
course, not an end in itself, but rather a basis of conjecture as to the 
mechanism which provides  the random element without which the 
theory of probability is  meaningless.  It is  generally assumed that 
the  reactions  of  various  individuals  differ  because  the  individuals 
themselves are different.  It is interesting, however, to consider the 
possibility that in some cases, where the organism is reiatively simple, 
the  individuals  are  essentially  similar  and  the  random  element is 
inherent in the agent or in its primary effects.  For example, if the 
agent is radiation, the quite generally accepted theory of absorption 
in quanta provides the necessary random element; and it may be that 
this is sufficient to account for the variations which we observe in  the 
reaction to the rays of apparently similar simple organisms. 
In his recent work on the action of  x-rays on  Colpidium  colpoda, 
Crowther  1 finds that if  he plots the number of survivors against  the 
dose of  radiation  administered  the  result  is  a  sigrnoid  curve;  and, 
assuming the animals to be essentially alike, he shows that this is the 
kind of curve to be expected if the animal dies as a result of a certain 
number, n, of discreet events or "hits,"  all  equally effective, and if 
the probability per unit dose of making a hit is constant.  He  finds, 
further,  that  theory  agrees  quantitatively  with  experiment  when 
X,, the probability per e-unit of  dose, is 5.9  X  10-*,  and  n  (for im- 
mediate death) is 49. 
To account for this very small value of he, he makes use of an inter- 
t Crowther,  J.  A., Proc, Roy. Soc. London, Series B, 1926,  c, 390. 
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esting hypothesis, which he  advanced some time ago  2 for a  similar 
purpose, that the effect is confined to some very small body or struc- 
ture inside the animal.  In doing so, he introduces certain difficulties, 
in my opinion.  No general objection is raised against this hypothesis, 
which we may refer to as the "small-body theory."  In this particu- 
lar case, however, it appears to be inconsistent with the phenomenon 
which it was devised to explain, unless it is supplemented by certain 
rather novel assumptions as to the nature of the destructive effect of 
radiation on tissue.  The nature of these assumptions will be brought 
out in what follows.  An alternative explanation of the small value 
of  k,  which  does  not  involve  the  small-body theory will  also  be 
suggested. 
II. Primary and Secondary Effects of X-Rays. 
The primary effect of x-rays on  the light atoms of which living 
matter chiefly consists is the ejection of a high speed electron from 
some of them chosen at random in both space and time.  Each of 
these primary electrons ionizes a  large number of other atoms by 
collision  before it comes to rest.  This secondary ionization appears 
to be the only effect which we need consider.  There is no good reason 
for suj3posing that the atom from wh~.ch a primary electron has been 
ejected is the seat of any considerable part of the destructive effect; 
the  disintegration  of  the  particular  molecule which  contains  this 
atom can scarcely be thought of as being more important, in general, 
than that of any other molecule.  There is, on the other hand, plenty 
of evidence in favor of the  view that the destructive effect is asso- 
ciated with the ionization produced by  the high speed electron, in 
comparison with  which  the  ionization  by direct absorption  of  the 
rays is negligible.  In very simple photochemical systems, the reac- 
tions produced by x-rays or by a- or/%rays proceed at a rate which is 
directly proportional to the rate of ionization; it  would be rash, of 
course,  to assert that this is  true in the case of tissue destruction. 
If  the  x-rays are  monochromatic, the  primary  electrons are  all 
ejected with the same speed and energy; they travel approximately 
equal distances before stopping,  and they knock off about the same 
Crowther, J. A., Proc. Roy. Soc. London, Series JB, 1924, xcvi, 207. ~ARRY CLA~K  625 
number  of  secondary  electrons.  The  various  quantum  events  or 
units are, therefore, much alike.  Likewise, the events which consist 
in the production of the various secondary electrons are alike in one 
respect at least--ail of the electrons have the same properties. 
Doubtless one or the other of these units  corresponds to  the hit 
mentioned above.  In what follows, I  shall refer to the release of a 
secondary electron as an electron-hit, and to the emission of a primary 
electron wth its attendant phenomena as a  quantum-hit.  The units 
of destructive effect dealt with in Crowther's analysis will be called 
effective  hits. 
III.  Some  Quantitative  Estimates. 
Crowther used the K  radiation of molybdenum, the a lines of which 
have  a  mean frequency of 4.23  ×  1018 per  second.  The  primary 
electron isthus ejected with an amount of energy, by, equal to 2.76  × 
10 -8 ergs.  Dividing this by 5.5  ×  10 -11 ergs, the work required, on 
the average, to release a secondary electron in air according to Ruther- 
ford,  8 we find that each primary electron releases about 500 secondary 
electrons.  This number will be denoted by E~. 
The fourth power law, together with Whiddington's  4 constant for 
air, shows that the maximum path length of the primary electron in 
air  must  be  about  .2  era.  The  value  taken  directly from one  of 
Sadler'# curves is .22  cm.  Evidently the law holds nicely even  for 
these very soft rays.  In  tissue,  assumed equivalent  to  air of unit 
density, the maximum path, L, is, therefore, about 2.6  X  10--* cm. 
The paths  of  the primary electrons are, in general, not straight, 
and, in consequence, the distance in a straight line from the beginning 
to the end of the path is generally less than L.  Consider a plane layer 
of air, the thickness of which,  x, is uniform and somewhat less than 
L.  If a great number of electror~s enter this layer through one of its 
faces, all with the same speed, but in all possible directions, some of 
them  will  emerge from  the  opposite  face with  some  part  of their 
original energy.  A fraction, then, of the energy which goes into the 
layer on one side comes out on the other side.  Sadie# has shown that 
s Rutherford, E., Radioactive substances and their radiations, Cambridge, 1913, 
159. 
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the  value of this  fraction  is  given by e-~ in  which/z is  the  mass- 
"absorption"  coefficient  of  air  for  electrons  of  a  particular  initial 
speed.  For  molybdenum  K  electrons,  he  gives  1.18  ×  10  4 as  the 
value of #.  #  does not depend to any great extent on the nature of 
the absorbing material; we may say with safety that it has the same 
value  for  air  and  for  tissue.  This  is  the  assumption  on  which  we 
have already computed L. 
The exponential law is, of course, not strictly true; it is inconsistent 
with the existence of a  maximum path length.  When the absorbing 
material reaches a thickness such that only those electrons which have 
travelled very nearly in a  straight  line can  get through,  a  slight  in- 
crease in the thickness will stop them all. 
The  distribution  of  secondary  electrons  along  the  path  of  the 
primary electron must now be considered.  In any small part of the 
path,  they are distributed  very nearly at  random--as  nearly as the 
fine  structure  of matter  permits.  The  space  rate  of ionization  in- 
creases, however, as the velocity decreases.  At the end of the path, 
the ionization is probably very intense.  Glasson  s states that  over a 
considerable part of the path, at least,  this rate (the number of elec- 
trons  per  cm.)  varies inversely as the  square  of the  velocity of the 
primary electron.  This law may, of course, be derived directly from 
the  fourth  power law.  On  this  basis,  a  simple  calculation,  which 
need not be given here, shows that by the time the primary electron 
which we are  considering  has  reached  the middle point  of its path, 
it has released  150 secondary electrons,  and  that,  at  this point,  the 
mean distance between consecutive electrons is about 7.3  ×  10  -7 cm. 
This is  enough  to  show that  we are not  to  think  of  the  secondary 
ionization as being almost wholly confined to a small region near the 
end of the path. 
Friedrich's  e-unit of radiation  is the amount  required to release in 
1 cc. of air  at N.T.P.  1 electrostatic unit of charge of either  sign,  or 
2.1  X  10  9 electrons.  The mass  absorption coefficient of tissue is the 
same as that of air and it is reasonable to assume, as Crowther does 
in his earlier paper, that the number of secondary electrons per quan- 
tum is the same.  Since the tissue with which we are dealing is approxi- 
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mately of unit density, an e dose corresponds to  the production of 
1.63  X  10  TM secondary electrons per cc. of tissue.  This number will 
be called E,. 
I V.  The Small-Body  Theory. 
That ),, has been found to be very small shows that very few of the 
hits received by the animal, whether electron-hits or quantum-hits, 
are  effective.  From the fact  that  the  atoms from which the high 
speed  electrons are  ejected are  distributed  at  random in  space,  it 
follows that the probability that a high speed electron will be ejected 
from within any small portion of the animal is directly proportional 
to the volume o! the portion considered and independent of its posi- 
tion.  The same is true of the probability that a  secondary electron 
will be  released within the portion  considered, provided,  of course, 
that the volume is such that the electron-hits occur independently of 
one another.  Assuming that the destructive effects are confined to 
some small body within the animal, we may assign volumes to this 
body such that either of these probabilities will assume any desired 
value,--in particular the value 5.9  X  10-*  in which case every hit 
within the small-body will be effective.  On the hypothesis that  the 
electron-hit corresponds to the unit of destructive effect, the diameter 
of the body (assumed approximately spherical) must be about 8.8  × 
10 -6 cm.  Similarly on the quantum-hit hypothesis, the diameter is 
about 7.0  ×  10 -5 crnJ 
Let us now inquire whether this theory is consistent with the postu- 
lates on which the statistical treatment of the problem is based.  The 
postulates  are:  (1)  that  all  effective hits  are  equally effective, and 
(2)  that  X, is  constant. 
Let us consider first the bearing of the electron-hit hypothesis on 
the small-body theory.  L, the path length of the primary electron, 
is 29.4 times the diameter of the small-body appropriate  to  the  hy- 
pothesis that the individual secondary electron corresponds to a unit 
of destructive effect.  Since 500  such  electrons are  released by the 
primary electron in traveling a distance equal to L, it is evident that 
7  As the result of an error in calculation, which Dr. Crowther discovered after 
publication, the diameters assigned to the body in his paper differ somewhat from 
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in most cases, in which a high speed electron traverses the small body, 
it  will  release more than  one  secondary electron inside  it.  Those 
events, then, which are at random in time, are not the electron-hits 
at all, but rather showers of electron-hits, and the number of electrons 
per shower must vary within very wide limits, because the intensities 
of ionization, at the beginning and the end of the path, respectively, 
differ so much, and because the length of the path through the body 
varies from zero to the length of the diameter,--even more if the path 
is not straight.  The average number of electrons  per shower is,  of 
course, very great in the case of primary electrons which enter from 
outside and come to rest inside the body; and correspondingly small 
for  those  which  are  ejected from  within  the  body.  For  primary 
electrons which pass through the body, the average number of second- 
aries per shower is about 11, since the mean length of a great number 
of straight paths through a sphere, chosen at random, is equal to two- 
thirds  of  the  diameter.  Electron-hits  are  not  then  at  random  in 
time---not even approximately so--and postulate 2  is  not  fulfilled. 
It is apparent then that we must abandon either the electron-hit 
idea or the small-body theory. 
We have now to deal with the quantum-hit hypothesis in its relation 
to the small-body theory.  Let us assume for the sake of the argument 
that the distribution of the destructive effect along the path of the 
primary electron is  the same as  that  of the secondary ionization-- 
which would be true if we were dealing with a  simple photochemical 
system.  It is  evident  that  some of the primary electrons,  ejected 
from atoms inside the small-body  , must  escape from the body with a 
considerable part of their initial energies.  Likewise, other high speed 
electrons, ejected from matter outside the small-body, will enter it 
before coming to  rest.  In  these cases,  the effectiveness of the hit 
will be less than in the  cases in which the  whole path lles inside the 
body.  Hits of this kind will be referred to in what follows as "partial" 
hits. 
The relative number of partial hits cannot  be  so  small  as to be 
negligible.  On the quantum-hit hypothesis, the diameter of the small- 
body is 7.0  X  10 -acm., whereas L is 2.6  X  10 -4 cm., i.e. 3.7 times the 
diameter.  In order to make a  very rough estimate of the relative 
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radius of the sphere, in  the expression e  -~ discussed in  Section III, 
and we find that, of the energy associated with high speed electrons 
ejected from points midway between the faces of a layer of tissue of 
thickness equal to the diameter of the small-body, 66 per cent escapes 
from the layer.  If we say that 66 per cent of the  electrons escape, 
we shall make an underestimate, for each of the escaping electrons 
has lost a part of its initial energy.  If we say that 66 per cent of the 
high  speed  electrons,  ejected from  the  center of  the  small-body, 
escape, we shall underestimate the number still  further, because the 
radius of the sphere is much smaller than the mean of the distances 
between a point in the middle of the plane layer and the points where 
the electrons escape from the surfaces of the layer. 
Of the high speed electrons ejected from the center of the small- 
body, then, at least 66 per cent escape; of those ejected from points 
near the surface of the body, at least 50 per cent escape.  Let us say 
that at least 50 per cent of all high speed electrons released within the 
small-body escape from it.  Now for every one which escapes, another 
enters from outside.  The whole number of hits, both total and partial, 
i.e. the whole number of those events which occur at random in time, 
is then increased by 50 per cent and two-thirds of them are partial 
hits.  To keep the whole number down to 49, the body must be made 
smaller, and this will make the relative number of partial hits still 
greater.  From what has been said in Section III about the distribu- 
tion of ionization along the path it appears that we must give up either 
the small-body theory or the idea that the distribution of the destructive 
effect along the path of the high speed electro~ is similar  to that of the 
ionization. 
It is conceivable that the destructive effect, though brought about 
by ionization, is not measured by it; that it is conditioned in some 
way by the density of ionization or otherwise.  It might be supposed, 
for example, that at the end of a  path a  small portion of tissue is 
injured so seriously that repairs are impossible;  that at other points 
along the path the injury, being diffuse, is rapidly made good.  If this 
were true and if the permanent injury which corresponds to an effec- 
tive hit were confined to a very small region--to 1 per cent, let us 
say, of the path length, no objection could be raised against the small- 
body theory. 630  ACTION  OF X-RAYS  ON  COLPIDIUM~  COLPODA 
This idea,  that  the hit is localized in some very small part of the 
path, is the assumption referred to in the introduction.  It should be 
noted that  it amounts  to something more than  the assumption  that 
some single molecule,  peculiarly essential  to  the  organism,  happens 
to lie in the path of the primary  electron and to be destroyed by it; 
if this were the case, the introduction of the small-body theory would 
no  longer  explain  why  all  quantum-hits  are  effective  and  equally 
effective.  Whether or not  the difficulty of reconciling this assump- 
tion with the known facts of photochemistry is more than  sufficient 
to compensate for the usefulness of the small-body theory is  a  matter 
of personal judgement. 
V. An Alternative Hypothesis. 
If the  small-body were subdivided into  a  great  number  of  much 
smaller bodies, and  if these smaller bodies were placed as far  apart 
as possible, the probability that a  quantum would make two or more 
effective electron-hits would be made smaller.  To make it negligible, 
however, the bodies would have to be very small in comparison with 
the mean distance between consecutive electrons in a  shower.  This 
suggests that  an effective hit may correspond in some way with the 
destruction of molecules of a certain kind or kinds distributed through- 
out some considerable part  of the  tissue.  ~The number,  N,  of such 
molecules present in the animal at the beginning of an exposure would 
have to be very great,  of course, in comparison with n,  which is 49, 
otherwise  X,  would  become appreciably  smaller  as  more  and  more 
effective hits were made.  That the loss of so small a fraction of these 
molecules should have so profound an effect suggests either that they 
are  essential parts  of some structure  or  that  the" destruction  of  the 
molecule is followed by a  recombination  of the component atoms to 
form a molecule of a new substance which is highly toxic.  The postu- 
late that all effective hits must be equally effective seems to favor this 
latter idea,  and  to require that  we restrict  ourselves to one kind of 
molecule.  We shall consider, then,  that the making of a  molecule of 
the toxic substamce Y constitutes an effective hit.  It appears highly 
improbable that  the destruction of a  molecule of substance X  would 
always result in the production of a molecule of Y; it would certainly 
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certain  particular  electrons.  The  problem  cannot  be  analyzed,  of 
course;  too little  is  known  about  the  fine  structure  of matter.  In 
what follows, an attempt will be made to estimate the various quanti- 
ties involved in the relatively simple case where Y is formed when X, 
represented  by an  idealized  molecule,  loses one  particular  electron. 
It will be assumed that in a microscopic sense the molecules of X  are 
at all  times distributed  at  random in  space insofar as the finite size 
of the molecule permits,--the  arrangement  to be expected  in a  solu- 
tion.  It will appear further on  that  the molecule would have to  be 
extremely large to have an appreciable effect On this distribution; it 
will be assumed tentatively that it has none. 
Multiple  Effective Hits Made  by One Quantum. 
Let us assume for the moment  that,  in  the  ordinary  sense,  X  is 
distributed  uniformly  throughout  the  whole volume  of  the  animal. 
If the probability that a  quantum,  falling entirely  inside the animal, 
will make an effective hit be represented by p; and if  V be the volume 
of the animal,  then 
~, Eq 
p = ~----p.  (1) 
V may be taken as 10  -7 cc.  Using the value of Xe given by Crowther, 
and the  values of Eq and  E, found in  Section  III, we find that p  = 
1.8  ×  10  -6.  Now it is not the quantum  as a  whole, but rather  the 
individual secondary electrons which correspond to the hits.  In the 
language  of probability we may,  therefore,  speak of the number of 
"trials" per quantum.  If the molecule of X  were so very small that 
it would never lose two or more electrons, the number of trials would 
be equal  to  E~.  If  the molecule were larger,  the  number  of trials 
would be less than Eg.  When p is less than  1, a decrease in the num- 
ber of trials, corresponds to a decrease in the ratio of p~ to pl; p~ being 
the probability that  the  quantum  will make exactly r  effective hits 
and pj  the probability of exactly one such hit.  For example, if the 
number of trials  were  1,  the probability of a  multiple  hit  would be 
absolutely zero.  To find the maximum value of this ratio, which we 
may call R~, we take the number of trials as infinite in which case R, 
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R, is so small that we may now reconsider the assumption that X is 
distributed uniformly throughout the whole volume of the animal. 
Other things being the same, p is proportional to the number of mole- 
cules of X  per unit volume in the region where the quantum falls. 
If in some part of the animal the concentration of X were 1000 times 
as great as the mean concentration, then in this part p would be 1.8 × 
10-~; only about one effective hit in a million would be a  "double," 
and one in less than 1012 a "triple" hit.  p, for a particular quantum, 
cannot,  of course, be  greater than the value  corresponding to  the 
maximum  concentration  which  the  primary  electron  encounters; 
the  concentration may change from  point  to  point,  therefore,  as 
abruptly as desired. 
It is evident, then, that effective hits are at random in time and 
that the molecules of X  to be hit effectively are chosen at random, 
even though no unreasonable restrictions are placed on the way in 
which X  is distributed. 
The  Size  of the  Molecule. 
We have now to deal with the slow change in h, which takes place 
in consequence of the fact that N is finite.  Let P1 be the probability 
that a  destroyed molecule of X, chosen at random from among the 
whole number of those that have been hit, will have lost exactly one 
electron; and let pr be the probability that a molecule, chosen at ran- 
dom from among all those which have lost exactly one electron, will 
have lost the particular electron required.  In the normal case, the 
making of n  effective hits corresponds to the destruction of n/P1U 
molecules of X, and, therefore, n/NP1P  p represents the relative change 
in X,.  This latter quantity must then be small; just how small is a 
matter of judgment.  It ought certainly to be smaller than the errors 
in experiment, and the results of Crowther's experiment  fit the theoreti- 
cal curve very nicely.  The values of P1 and pr depend on the proper- 
ties of the molecule of X.  As the volume, v, and the complexity of 
the molecule increase, both P1 and pt  diminish; furthermore, since 
Nv  may not  be greater than the whole volume of the animal, the 
maximum value which we may assign  to  N  diminishes.  The hy- 
pothesis is,  therefore, consistent for a  given value of v provided the 
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n and provided the value of PiP' appropriate to a molecule of volume 
v is  not  so small that N  has to be greater than  V/v.  It is obvious 
that these conditions are more easily fulfilled the smaller and simpler 
the molecule.  We have to find out, if possible, whether or not they 
are fulfilled when the molecule is fairly large. 
In order to  estimate P1  and  P',  it is  necessary to  make certain 
idealizing assumptions as to the nature of the molecule and to assign 
a  definite size to it.  To make it possible to treat P1 statistically, it 
is assumed that the molecule will behave as though its electrons were 
distributed  at  random inside a  sphere,  the volume of which is  the 
same as that of the molecule; the probability of releasing an electron 
being the same for all of them.  For convenience, the diameter of the 
sphere is set equal to 10- 7 cm.  The volume is then equal to that of 
the molecule of oleic acid according to Langmuir. s 
In the case of a  complex organic molecule the electrons must be 
fairly evenly distributed throughout what we call its volume, i.e.  the 
room which it occupies when stacked with other molecules to consti- 
tute  matter in  the  solid  state.  Such a  distribution,  together with 
the movements of the electrons, and the random orientation of the 
molecule with respect to the path of the high speed electron may rea- 
sonably be thought of as equivalent to a random distribution.  The 
probability  that  an  electron will  be  released from  the molecule is 
then directly proportional to the path length through the molecule. 
The constant of proportionality will be nearly enough equal to that 
for tissue in general, if we assign to the molecule the same number of 
electrons as that in the molecule of oleic acid, i.e.  158.  P' will then 
be .0063.  It will appear presently that,  for a  molecule of this size, 
the  conditions imposed  by  the  size  of  the  animal  and  the  desired 
constancy of ~,, are fulfilled with a margin of safety which is so great 
that the errors involved in idealizing the molecule need not be small. 
We must now try to estimate P1.  Since the particular electron to 
be removed may be anywhere, we must suppose that it is in the worst 
place, i.e. at the center of the sphere.  It will have the same chance 
of being hit wherever it is, but if it is at the center, the primary elec- 
tron must traverse the longest path  through the sphere to reach it, 
8  Langmuir, I., Y. Am. Chem. Soc., 1917, xxxix, 1848. 634  ACTION  OF X-RAYS  ON  COLPIDIUN[  COLPODA 
and the probability of removing two or more electrons from the same 
molecule increases with the path length.  It has been shown in Sec- 
tion III that, on the average, 30 per cent of the ionization, i.e.  150 
secondary electrons, lie in the first half of the path of the high speed 
electron,  and  that  even  at  the  midpoint  of  the  path,  consecutive 
secondary electrons are no  closer together on  the average than 7.3 
×  10 -7  cm.,  which is  over seven  times the maximum path length 
through our molecule.  Let us confine our attention to the first half 
of the path for the moment.  If the high speed electron were shot 
into a solid mass of X, the molecules being lined up in such a way that 
it would traverse a diameter of each, only about one molecule in seven 
at the midpoint of the path would lose an electron.  When we remem- 
ber that electrons are released farther and farther apart as we go from 
the midpoint toward the beginning of the path, we see that the number 
of cases in which a molecule loses two or more electrons must be very 
small in comparison with the number of those in which it loses only 
one.  We shall make no great error if we assume that all hits in the 
first  half of  the  path  are  "single  hits."  There  are,  undoubtedly, 
many single hits in the last half of the path, where the ionization is 
more intense, but we shall ignore them in order to make sure that we 
are not over-estimating P1.  The total number of single hits is then 
equal to 150, the number of electrons in the first half.  It should be re- 
membered that we assumed that the path follows the diameter of the 
molecule for the purpose of estimating the relative number of double 
hits.  The number of single hits just found, 150, has nothing to do 
with the exact location of the path. 
Now P1 is, in the long run, the ratio of the number of molecules 
which have lost one electron to the total number  destroyed by the 
loss of any number of electrons.  For the average quantum, falling in 
a mass of X in the pure state, the whole number of molecules destroyed, 
which we will denote by M, must be less than 500,  for some of  the 
molecules lose two or more electrons.  If all of the electrons in the 
last half of the path were lost by the same molecule, an absurd assump- 
tion, M  would be 151, and P1 would be  1.  If all of the hits in the 
second half of the path were doubles, M  would be 325  and P1 would 
be .46.  This is the minimum value of P1.  To sum up--P~ lies some- 
where between .46  and  1,  and M  lies between  150  and 500.  Even ~ARRY CLA~  635 
though the value of P1 depends in part on M, we must consider the 
limiting values separately. 
Xe, the probability per e-unit of making an effective hit, is given by 
X~ ffi -E~"  N ~  M P1P'.  (2) 
Substituting  the  limiting  values  of  M,  found  above,  we  see  that 
NP1P  t must lie between 6.9  X  10  6 and 2.3  ×  10  6.  To be on the safe 
side,  we use  the  smaller  of these  numbers  to  test  the  constancy  of 
~,,.  n  +  NPIP'  =  7.1  X  10 -6.  In the normal case, X, may change, 
then, by as much as .007 of 1 per cent.  Such a change is too small to 
consider. 
Now we consider the maximum value of N.  To make N  as large 
as possible, we divide the greater value of NP~P', which is 2.3  ×  106, 
by the minimum  value of P~P',  which is  .46  ×  6.3  ×  10 -3,  and  N 
comes out to be 8.0  ×  106.  The total volume of X  in the animal is 
then 4.2  ×  10 -la cc., which is only 4.2  ×  10 -6 times the volume of the 
animal.  The  "volume"  concentration  of X  is then  only .0004 of  1 
per cent; it is, of course, so small that cases will be very rare in which 
the  finite  size  of  the  molecule interferes  with  the  assumed  random 
distribution. 
The margins of safety in the variation of X, and in the total volume 
of  substance  X  are  obviously  so  great  that  the  error  involved  in 
assuming that the real molecule behaves like the ideal one may also 
be very great  without  rendering  the  general  hypothesis  untenable. 
There can be little doubt that,  if an effective hit  corresponds to the 
removal of a particular electron from a molecule of X, the molecule of 
X  may be fairly large and complex. 
VI.  CONCLUSION. 
If we accept the idea that  the reactions of living matter to x-rays 
are the result of ionization, we find that Crowther's small-body theory 
serves to explain  the small value of k, only provided it be assumed 
further  that  the  unit  of destructive  effect which corresponds  to  an 
effective hit  is associated with the quantum  and  that it is localized 
in a region the dimensions of which are very small in comparison with 
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It is suggested that there exists in the animal a substance, X, dis- 
tributed throughout a  considerable part of the tissue,  a  molecule of 
which turns into a molecule of a substance Y when it loses a particular 
electron, and that the formation of a molecule of substance Y consti- 
tutes an effective hit.  This hypothesis seems to be consistent if the 
molecule of X  is not too large.  There is, of course, no good reason 
for supposing that it is the true explanation of the phenomenon.  It 
is put forward merely to show that we may accept the theory that the 
variations in reaction are inherent in the x-ray itself without accept- 
ing the small-body theory. 
VII.  SUM.~AR¥. 
1.  The  theory which Crowther has advanced to  account for the 
variation of the lethal close of roentgen rays among the individuals of 
a group of Colpidium colpoda  is reviewed. 
2.  It is shown that the use of his small-body theory to explain the 
small value of ),, leads to certain further assumptions about the nature 
of the destructive effect. 
3.  An alternative hypothesis is discussed. 